Islet transplantation is a promising treatment for diabetes. However, it faces several challenges including requirement of systemic immunosuppression. Indoleamine 2,3-dioxygenase (IDO), a tryptophan degrading enzyme, is a potent immunomodulatory factor. Local expression of IDO in bystander fibroblasts suppresses islet allogeneic immune response in vitro. The aim of the present study was to investigate the impact of IDO on viability and function of mouse islets embedded within IDO-expressing fibroblastpopulated collagen scaffold. Mouse islets were embedded within collagen matrix populated with IDO adenovector-transduced or control fibroblasts. Proliferation, insulin content, glucose responsiveness, and activation of general control nonderepressible-2 kinase stress-responsive pathway were then measured in IDOexposed islets. In vivo viabilities of composite islet grafts were also tested in a syngeneic diabetic animal model. No reduction in islet cells proliferation was detected in both IDO-expressing and control composites compared to the baseline rates. Islet functional studies showed normal insulin content and secretion in both preparations. In contrast to lymphocytes, general control nonderepressible-2 kinase pathway was not activated in islets cocultured with IDO-expressing fibroblasts. When transplanted to diabetic mice, syngeneic IDO-expressing composite islet grafts were functional up to 100 days tested. These findings collectively confirm normal viability and functionality of islets cocultured with IDO-expressing cells and indicate the feasibility of development of a functional nonrejectable islet graft.
Indoleamine 2,3-dioxygenase (EC 1.13.11.52) (IDO) is a cytosolic monomeric hemoprotein that catalyzes tryptophan, the least available essential amino acid in the human body, to N-formylkynurenine, which in turn is rapidly degraded to yield kynurenine. 1 IDO has been proposed to have profound immunoregulatory activity. 2 IDOdependent T cell suppression by dendritic cells suggests that biochemical changes due to tryptophan catabolism have significant effects on T cell proliferation and function. 3 The regulatory effect of IDO on T cells is probably due to providing a tryptophan-deficient microenvironment and/or accumulation of toxic metabolites of tryptophan. The stress-responsive kinase general control nonderepressible 2 (GCN2) has been identified as a signaling molecule that enables T cells to sense and respond to stress conditions created by IDO. 4, 5 The C/EBP homologous protein (CHOP) gene is a downstream target gene in GCN2 pathway and is considered as a well-accepted marker for GCN2 activation. 6 It has been suggested that, due to its immunoregulatory effects, IDO may actively participate in down-regulating allogeneic immune responses in transplantation. 7 Our research group has provided compelling evidence in support of the fact that the expression of IDO in by-stander fibroblasts through IDO genetic modification or interferon-␥ treatment suppresses immune cell proliferation. 8 -13 In addition, we also have shown that, by an unknown mechanism, only immune but not primary skin cells are sensitive to the IDO suppressive effect. 8, 14 In our recent study, we showed that bystander IDO-expressing syngeneic fibroblasts have the ability to suppress proliferation of lymphocytes stimulated by allogeneic mouse islets in vitro. 15 This promising finding sets the stage for developing a nonrejectable composite graft consisting of islets and IDO-expressing fibroblasts embedded within a collagen scaffold. However, that study didn't elucidate whether IDO by itself has any deleterious effect on viability and functionality of islets. Here, we therefore asked whether a) exposing mouse islets to an IDO-induced low tryptophan microenvironment compromises their viability and function, b) the GCN2 pathway is activated in islets exposed to IDO-expressing cells, and c) a three-dimensional fibroblast populated collagen scaffold is a favorable matrix for constructing a composite islet graft.
Materials and Methods

Mouse Islet Isolation and Culture
Islets were obtained from 6 to 8-week-old male BALB/c or C57BL/6 (B6) mice (The Jackson Laboratories, Bar Harbor, ME) as previously described. 15 Briefly, mice were anesthetized and pancreases were distended through the pancreatic duct with 2.5 ml of Hanks' balanced salt solution (Life Technologies, Gaithersburg, MD) containing 2.0 mg/ml of collagenase (Type V; Sigma Chemical Co., St Louis, MO). The distended pancreases were then removed and incubated at 37°C for 15 minutes. The islets were purified by discontinuous centrifugation on Ficoll (Sigma) gradients. After centrifugation, islets were handpicked and cultured in HAM's F10 medium (Sigma) supplemented with 12 mmol/L HEPES, 2 mmol/L L-glutamine, 10% heat-inactivated fetal calf serum, 100 U/ml penicillin, and 100 g/ml streptomycin in 95% air, 5% CO 2 at 37°C. Care and maintenance of all animals were in accordance with the principals of laboratory animal care and the guidelines of institutional Animal Policy and Welfare Committee.
Cell Cocultures
Cell cocultures were set up using a two-chamber cell culture system (6-well plates, Corning incorporated, Corning, NY; cell culture inserts, Millicell, Millipore Corporation, MA) in which IDO-expressing fibroblasts were grown in the upper chambers while either lymphocytes, Jurkat cells, islets, or control fibroblasts were cultured in the lower chambers. To induce IDO expression, B6 mouse fibroblasts were infected with a recombinant IDO adenoviral vector carrying human IDO cDNA for 72 hours at an multiplicity of infection of 100, as previously described. 15 Control fibroblasts were infected with a mock vector. Lymphocytes were isolated from peripheral lymph nodes of B6 mice by grinding lymph node tissues between the rough edges of glass slides and were stimulated with concanavalin A (2 g/ml, Sigma) at the start of the culture. Specificity of the IDO effect was determined by addition of 1-methyl-tryptophan, an IDO inhibitor (Aldrich Chemical Co., Milwaukee, WI), to cocultures at the final concentration of 800 mol/L.
Development of Islet-Fibroblast Composite in Collagen Gel Matrix
Mouse dermal fibroblasts were explanted from skin of B6 mice and transduced with a recombinant adenoviral vector carrying human IDO cDNA as described previously. 15 Control fibroblasts were infected with a mock vector. Fibroblast-populated collagen gel matrices were prepared as described by Sarkhosh et al 12 using IDO-expressing or control fibroblasts. Mouse islets were added to fibroblast-populated collagen gel before solidification in 24 well plates. The composites were maintained in 95% air, 5% CO 2 at 37°C for up to 14 days.
CHOP, IDO, and Insulin Reverse Transcriptase-PCR
Total RNA was isolated using a RNeasy kit (Qiagen, Maryland). cDNA was synthesized using the ThermoScript reverse transcriptase (RT)-PCR System (Invitrogen, Carlsbad, CA). The primers used were as follows: CHOP: sense 5Ј-CATACACCACCACACCTGAAAG-3Ј, antisense 5Ј-CCGTTTCCTAGTTCTTCCTTGC-3Ј; IDO: sense 5Ј-GGCACACGCTATGGAAAACT-3Ј, antisense 5Ј-CGGACATCTCCATGACCTTT-3Ј; mouse insulin 1: sense 5Ј-CCTGTTGGTGCACTTCCTAC-3Ј, antisense 5Ј-TGCAGTAGTTCTCCAGCTGG-3Ј; glyceraldehyde-3-phosphate dehydrogenase: sense 5Ј-TGGCACAGT-CAAGGCTGAGA-3Ј antisense 5Ј-CTTCTGAGTGGCAGT-GATGG-3Ј. Amplified PCR products were separated by 2% agarose gel electrophoresis and visualized with ethidium bromide staining.
GCN2 and CHOP Immunoblotting
Cells were harvested and lysed in lysis buffer (50 mmol/L Tris-HCl, pH 7.4; 10 mmol/L EDTA; 5 mmol/L EGTA; 0.5% NP40; 1% Triton X-100, and protease inhibitor cocktail, Sigma). Equal amounts of total protein from cell lysates (30 g) were separated by SDS-polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride membrane (Millipore). The blots were probed with the following antibodies: anti phopho-GCN2 (Thr898, 1:1000 dilution, Cell Signaling Technology INC., Beverly, MA), anti GCN2 (1:1000 dilution, Cell Signaling), and anti-GADD153/CHOP-10 produced in rabbit (1:250 dilution, Sigma). Horseradish peroxidase conjugated goat antirabbit IgG served as a secondary antibody for the enhanced chemiluminescence detection system (Amersham Biosciences, UK).
IDO Immunoblotting and Kynurenine Measurement
Fibroblasts were harvested and lysed 72 hours postinfection. Equal amounts of cell lysate were separated by SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membrane as described above. The blots were then probed with polyclonal anti IDO antibody raised in rabbit by Washington Biotechnology Inc. (Baltimore, MD) at a final dilution of 1:5000. Horseradish peroxidase conjugated goat anti-rabbit IgG served as a secondary antibody for the enhanced chemiluminescence detection system (Amersham). The level of kynurenine was measured as previously described. 15 Briefly, proteins in conditioned medium were precipitated by trichloroacetic acid. After centrifugation, 0.5 ml of supernatant was incubated with equal volume of Ehrlich's reagent for 10 minutes at room temperature. Absorption of resultant solution was measured at 490 nm by spectrophotometer.
Methyl Thiazolyl Tetrazolium Proliferation Assay
A colorimetric methyl thiazolyl tetrazolium (MTT) [3-(4,5-dimethylthiazol-2-yl)Ϫ2,5-diphenyl tetrazolium bromide] assay was used to evaluate the effects of IDO on cell proliferation. At the indicated time points, MTT (Sigma) solution (5 mg/ml) was added to cell cultures and incubated at 37°C for 5 hours. The formazin crystals were solubilized in 500 l of dimethyl sulfoxide at the end of incubation, and the optical density of the solutions was measured at 570 nm.
Insulin Immunostaining
Islets were recovered and fixed in Bouin's solution for 2 hours. Islets were then washed three times with 70% ethanol and embedded in paraffin. Five micron sections of these samples were stained with guinea pig anti-insulin antibody (1:1000 dilution; Dako Laboratories, Mississauga, ON, Canada) for 30 minutes followed by the addition of biotinylated goat anti-guinea pig IgG secondary antibody (1:200 dilution; Vector Laboratories, Burlingame, CA). The avidin-biotin complex/horseradish peroxidase (Vector Laboratories) and 3,3-diaminobenzidinetetrahydrochloride (BioGenex, San Ramon, CA) was used to produce a brown positive reaction. All sections were counterstained with Harris' hematoxylin and eosin (H&E).
␤ Cell Apoptosis
Cleaved caspase-3 was used as a marker for ␤-cell apoptosis. To estimate ␤ cell apoptosis rates, islets were stained for cleaved caspase-3 together with insulin. ␤ cell apoptosis rates were then estimated by calculating the frequency of the cells positively stained for both insulin and cleaved caspase-3. Insulin/cleaved caspase-3 dual immunofluorescence staining was accomplished as follows: islets were retrieved and fixed as described above. 
Static Incubation Assay and Islet Insulin Content
Islet insulin secretory responsiveness was assessed using a static incubation assay as described by Korbutt et al. 16 In brief, mouse islets were washed twice with Ham's F10 medium and samples were taken for measurement of total cellular insulin content. Islets were cultured in 24-well plates and incubated in 1.5 ml of HAM's F10 medium supplemented with 0.5% bovine serum albumin and either 2.8 or 20.0 mmol/L glucose for 120 minutes. At the end of the incubation, supernatants were collected for measurement of insulin release using radioimmunoassay. Insulin secretion was calculated by dividing the insulin released into the supernatant by the cellular insulin content of the islets (percentage of content). Stimulation indices were calculated by dividing the percentage of insulin released at 20.0 mmol/L glucose by the percentage released at 2.8 mmol/L glucose.
Determination of islet total insulin and DNA content was performed as described by Korbutt et al. 16 In brief, samples were sonicated in 2 mmol/L acetic acid containing 0.25% bovine serum albumin and centrifuged (800 ϫ g, 15 minutes). Insulin levels in the supernatants were measured in duplicate samples by radioimmunoassay (Diagnostic Products, Los Angeles, CA). The islet DNA content was quantified using PicoGreen kit (Molecular Probes, Eugene, OR) according to the manufacturer's instruction.
Transplantation of Islet-Fibroblast Composite Grafts
Recipient B6 mice were rendered diabetic by a single intraperitoneal injection of 200 mg/kg streptozotocin (Sigma), and diabetes was defined as a minimum of two consecutive blood glucose measurements Ͼ ϭ 20 mmol/L. Syngeneic islet plus IDO-expressing or control fibroblast composite grafts (approximately 500 islets) were transplanted under the left kidney capsule of isoflurane-anesthetized diabetic mice. After transplantation, blood from the tail vein of each recipient was collected two times a week between 7:00 and 9:00 AM to determine the normalization of blood glucose levels. Blood glucose levels were measured using a One Touch Ultra glucose meter (Lifescan, Milpitas, CA), and grafts were deemed functioning when blood glucose levels decreased to Ͻ10.0 mmol/L. Nephrectomy of the graft-bearing kidney was performed on recipients at the endpoint of the study (Ͼ100 days post-transplant) to confirm that hyperglycemia ensued, indicating that normal blood glucose was graft dependent. All animals were cared for according to the guidelines of the Institutional Animal Policy and Welfare Committee.
Intraperitoneal Glucose Tolerance Test
An intraperitoneal glucose tolerance test (IPGTT) was performed in mice transplanted with composite grafts 6 weeks after transplantation. After a 16-hour overnight fast, glucose (2 mg/g body weight) was injected i.p. into nonanesthetized mice. Blood samples were obtained from the tail vein at 0, 15, 30, 60, and 120 minutes. Area under the curve was determined using SigmaPlot software (Systat Software Inc., San Jose, CA).
Statistical Analysis
All data are reported as mean Ϯ SD of three or more independent observations. Statistical significance was calculated using a two-tailed unpaired Students' t-test or a one-way analysis of variance with post hoc test in case of multiple comparisons. P values less than 0.05 were considered to be significant.
Results
Selective Suppressive Effect of IDO on Immune Versus Islet Cells
To confirm the differential suppressive effect of IDO on immune versus non-immune cells, we induced IDO expression in B6 mouse dermal fibroblasts using a recombinant adenoviral vector expressing IDO. Expression of IDO protein in infected cells was shown using Western blot analysis ( Figure 1A ). High levels of kynurenine-a tryptophan metabolite-in conditioned media of IDO vector infected cells further confirmed enzymatic activity of IDO ( Figure 1B) . IDO-expressing fibroblasts were then cocultured with stimulated mouse lymphocytes, CD4 ϩ Jurkat cells, mouse fibroblasts, or islets using a twochamber coculture system. The results of a MTT assay on cocultured cells after 72 hours showed significant reduction in cell proliferation rates in lymphocytes (23.9% Ϯ 12.4) and Jurkat cells (21.8% Ϯ 10.7) but not in fibroblasts and islets ( Figure 1C ). Proliferation of immune cells did not decrease when cocultured with control fibroblasts. Furthermore, addition of 1-methyl-tryptophan, a specific IDO inhibitor, resulted in partial recovery of immune cells proliferation (68.5% Ϯ14.3 in lymphocytes and 69.4 Ϯ 15.3 in Jurkat cells, Figure 1C ).
GCN2 Kinase Pathway Activation in Cells Exposed to IDO-Expressing Fibroblasts
The activation of the GCN2 kinase pathway is suggested as the downstream mechanism for the suppressive effect of IDO. We therefore asked whether this stress-response mechanism is selectively activated in different cell strains when cocultured with IDO-expressing cells. To address this question, we examined phosphorylation of GCN2 and induction of intracellular CHOP in stimulated lymphocytes, fibroblasts, and islets cocultured with IDO-expressing fibroblasts. The results shown in the Figure 2 indicate a differential pattern of GCN2 pathway activation in immune versus islet cells in response to IDO. As shown in the Figure 2A , coculture with IDO-expressing cells promotes phosphorylation of GCN2 in mouse lymphocytes but not in islets and fibroblasts. Similarly, on exposure to IDO, CHOP was induced only in mouse lymphocytes at mRNA ( Figure 2C ) and protein ( Figure 2E ) levels. The quantitative analyses shown in Figure 2 , B, D, and F indicated a significant and selective increase (more than sevenfold) in GCN2 phosphorylation and CHOP message and protein levels in lymphocytes cocultured with Cell proliferation rates were measured after 72 hours postcoculture using MTT assay. * denotes significant increase in kynurenine level in IDO vector infected cell conditioned medium compared to the control group (n ϭ 3, P Ͻ 0.001); ** denotes significant difference in cell proliferation rate in comparison to the control group (n ϭ 5, P Ͻ 0.001).
IDO-expressing cells that is partially reversed on IDO inhibition with 1-methyl-tryptophan.
Viability of Islets Embedded within IDOExpressing Fibroblast Populated Collagen Matrix
Embedding islets within an extracellular matrix generally improves islet survival and function. However, the impact of local IDO expression on enhanced viability of islets within three-dimensional matrix has not been elucidated. To investigate the effect of IDO on survival of islets within a collagen gel scaffold, we prepared three-dimensional composite cocultures embedded with mouse islets plus either IDO-expressing or control fibroblasts. These composites were then incubated in vitro for up to 2 weeks. On days 1, 7, and 14 post-coculture, the collagen matrices were digested and islets were retrieved and subjected to apoptosis and MTT assays. In parallel, one set of mouse islets was cultivated in a regular two-dimensional setting as a control.
Islet double-immunofluorescence staining of cleaved caspase-3 and insulin was used to estimate ␤-cell apoptosis rates. As shown in the Figure 3A -E, ␤ cell apoptosis rates were significantly lower in matrix embedded islets and furthermore, being in close vicinity of IDOexpressing fibroblasts for 2 weeks did not increase ␤-cell apoptosis rate (5.3% Ϯ 1.5 vs. 4.1% Ϯ 1.2, P Ͼ 0.05). The MTT assay result indicated that, in contrast to two-dimensional culture, the islet cell proliferation rate was maintained near baseline level when embedded within the collagen matrix, regardless of being either alone, or cocultured with IDO-expressing or control fibroblasts. Additionally, MTT assays confirmed IDO did not significantly decrease the islet cell proliferation rate in composites containing IDO-expressing cells (96.8% Ϯ 5.3) compared with control composites (99.2% Ϯ 7.1; P Ͼ 0.05, Figure 3F ).
Morphology, Insulin Content and Functional Capacity of Islets Embedded within an IDOExpressing Fibroblasts Populated Collagen Matrix
To gain perspective on the effect of IDO on islet functionality, the islets that were embedded within the threedimensional composites were retrieved on days 1, 7, and 14 post-coculture and subjected to glucose-stimulated insulin secretion assay and insulin immunostaining. Total insulin content of islets was also measured. Figure 4 , A-D shows photomicrographs of the composite islet-fibroblast-collagen matrix preparations, indicating normal spherical morphology of islets with smooth borders (Figure 4, A and B) . Insulin immunostaining confirmed that the insulin content of islets exposed to IDO-expressing fibroblasts within a collagen scaffold for 2 weeks ( Figure  4C ) is comparable with islets cocultured with control fibroblasts under similar experimental condition ( Figure  4D ). Furthermore, total insulin content of islets exposed to IDO-expressing fibroblasts for 2 weeks was 3 Ϯ 0.22 ng/ng islet DNA, which was not significantly different from insulin content of control islets (2.85 Ϯ 0.28 ng/ng islet DNA, Figure 4E ).
The insulin secretory capacity of islets was tested by comparing the percentages of cellular insulin released in low glucose (2.8 mmol/L) versus high glucose (20 mmol/L) media. The result showed a significant decrease in the insulin secretion ability of the islets cultured in the regular two-dimensional setting for 14 days ( Figure 5A ). However, glucose responsiveness and insulin secretory capacity remained at normal levels in the islets embedded within collagen matrix for 14 days, regardless of coculture conditions used ( Figure 5, B-D) . The calculated islet stimulation index did not significantly change in the islets cocultured with IDO-expressing fibroblasts for 14 days (5.26 Ϯ 0.52) compared with the baseline (4.42 Ϯ 0.45), whereas islet stimulation index significantly decreased in the islets cultivated in a two-dimensional setting from 4.66 Ϯ 0.50 at the baseline to 2.57 Ϯ 0.55 after 2 weeks ( Figure 5E , n ϭ 3, P Ͻ 0.001).
Transplantation of a Syngeneic Islet-Fibroblast Composite Graft
To confirm that islets embedded within the IDO-expressing fibroblast populated collagen scaffold are also viable and functional in a syngeneic transplantation model, composite grafts were prepared by embedding B6 mouse islets and IDO-expressing or control fibroblasts within the collagen matrix. These composite grafts were then transplanted beneath the renal capsule of chemically induced diabetic B6 mice. Blood glucose levels became normal in all graft recipient animals after 2 to 3 days post-transplantation and remained normal throughout the experiment ( Figure 6A ). On day 100 post-transplantation, removal of the graft bearing kidneys in graft recipient animals resulted in recurrence of hyperglycemia, which confirmed graft related euglycemia induction. To further investigate composite islet grafts function, an IPGTT was performed in graft recipient mice on week 6 post-transplantation. Blood glucose concentrations dur- F) show ␤ cell apoptosis and islets proliferation rates in islets embedded in IDO-expressing (solid triangles) or control fibroblast (open triangles) populated or acellular (solid circles) collagen gel matrices and islets cultured in petri dishes using regular two-dimensional culture method (solid diamonds-dotted line) on days 1, 7, and 14 post-coculture. Islet proliferation rates are reported as the percentage of the optical densities of MTT assay at each time point adjusted to those of day 1. * denotes significant difference in apoptosis and proliferation rates on day 14 compared to day 1 (n ϭ 3, P Ͻ 0.001). White arrows show representative islet cells stained for both insulin and cleaved capase-3. Scale bar ϭ 50 m. Figure 4 . Morphology, insulin immunostaining, and total insulin content of islets embedded within fibroblast populated collagen scaffold. Mouse islets were embedded in IDO-expressing or control fibroblast populated collagen gel matrices for up to 14 days. Upper panels show photomicrographs of composite islet cocultures in IDO fibroblast (A) and control fibroblast (B) populated collagen matrix. Islets cocultured with IDO fibroblasts (C) or control fibroblasts (D) were harvested after 14 days and immunostained for intracellular insulin. Panel (E) shows total insulin content of islets embedded within IDO-expressing (solid triangles) or control fibroblast (open triangles) populated or acellular (solid circles) collagen gel matrices and islets cultured in petri dishes using regular two-dimensional culture method (solid diamonds-dotted line) on days 1, 7, and 14 post-coculture. * denotes significant difference in total insulin content on day 14 compared to day 1 (n ϭ 3, P Ͻ 0.001). I ϭ islet, F ϭ fibroblast. Scale bar ϭ 50 m.
ing IPGTT were similar in IDO composite graft recipients and controls ( Figure 6B ). Comparing the area under the IPGTT curve showed similar graft function in IDO group compared to the control group (1401 Ϯ 120 (mmol/L) min vs. 1430 Ϯ 135 (mmol/L) min, respectively; P Ͼ 0.05, Figure 6C ).
To examine the length of adenovirus-mediated IDO transgene expression in the composite grafts, IDO mRNA level was measured in the grafts using RT-PCR at different time points post-transplantation. As shown in Figure  6D , IDO is strongly expressed in the IDO composite grafts for up to 6 weeks after transplantation. High levels of insulin 1 expression were also detected in the grafts throughout the experiment (Figure 6D ), which further confirmed maintenance of functional islets in the composite grafts during and after the IDO transgene expression period. These findings collectively indicate long term survival and normal functionality of islets exposed to IDOexpressing cells in a syngeneic islet transplantation model.
Discussion
In this study, we report that the viability and functionality of islets exposed to IDO-expressing fibroblasts are not compromised in vitro and in vivo, using different experimental approaches. The significance of this finding is more appreciated when the potential application of local expression of IDO is considered as a strategy for protecting islet grafts from immune rejection. IDO is a potent immunomodulatory enzyme that plays critical roles in regulation of T cell-mediated immune responses and has profound effects on T cell proliferation, differentiation, Figure 5 . Capacity of glucose-mediated insulin secretion in islets embedded within fibroblast populated collagen matrix. Mouse islets were embedded within IDO-expressing or control scaffolds or in regular petri dishes as described in the Materials and Methods. On days 1, 7, and 14 of coculture, islets were harvested and subjected to static incubation assay to test their glucose-stimulated insulin secretory capacity at low (2.8 mmol/L, open bars) versus high (20.0 mmol/L, solid bars) glucose concentrations. Insulin release rates were measured in islets cultured in petri dishes (A), embedded within either acellular gel (B), control fibroblast gel (C), or IDO fibroblast gel (D). The data are reported as the percentage of the released insulin to total insulin content of the islets. (E) shows islet stimulation indices, which were calculated by dividing the percentage of insulin released at high glucose by the percentage released at low glucose concentrations. Solid diamonds-dotted line, islets cultured in regular petri dishes; solid circles, islets embedded within acellular gel; open triangles, islets embedded within control fibroblast gel; solid triangles, islets embedded within IDO fibroblast gel. * denotes significant decrease in islet stimulation index on day 14 vs. day 1 (n ϭ 3, P Ͻ 0.001). effector functions and viability. 3 Considerable evidence now supports the importance of the immunoregulatory function of IDO, including studies of mammalian pregnancy, [17] [18] [19] tumor resistance, 20 -23 chronic infections 24 -26 and autoimmune diseases. 27 Based on these facts, it has been suggested that cells expressing IDO might be used to protect transplanted tissues and cells without the use of immunosuppressive drugs. We have recently introduced a model of a local immunosuppressive barrier to protect immune responses against islets in which syngeneic bystander IDO-expressing fibroblasts suppress lymphocyte proliferation induced by allogeneic mouse islets. 15 Our model is based on development of a three-dimensional composite graft consisting of islets and IDO-expressing fibroblasts embedded within a collagen matrix.
Although the selective suppressive effect of IDO on T cells versus skin cells has already been noted, 8, 14 there was no evidence on the impact of low tryptophan microenvironment induced by IDO on other cell types including islets. We therefore, as shown in the Figures 1 and 3 , tested the proliferation rates of mouse islets and fibroblasts when cocultured with IDO-expressing cells. The results of these experiments confirmed that exposure to IDO-expressing cells did not decrease islet cell proliferation or increase the ␤ cell apoptosis rate in vitro.
The molecular mechanism(s) by which IDO suppresses T cells are still being investigated. It appears that some of the biological effects of IDO can be mediated via local depletion of tryptophan, 28, 29 whereas others are mediated via immunomodulatory tryptophan metabolites. 30, 31 As mentioned earlier, activation of the GCN2 kinase pathway, a nutrient deficiency stress-responsive mechanism, has been suggested as a potential mechanism responsible for the IDO-induced suppressive effect on T cells. 4, 5 Activation of the GCN2 kinase pathway can trigger cell-cycle arrest, differentiation, compensatory adaptation, or apoptosis, depending on the cell type and the initiating stress. 32, 33 CHOP (also known as GADD153) is a DNA damage-inducible, nuclear leucine zipper protein involved in differentiation and apoptosis. CHOP is a downstream target gene in GCN2 pathway and a well-accepted marker for GCN2 activation. 6 Its expression is induced in a variety of stress responses such as endoplasmic reticulum stress, 34 redox stress, 35 and nutrient deprivation. 36, 37 Functional roles for CHOP have been well described in induction of apoptosis, and it has also been implicated in the pathogenesis of diabetes by promoting ␤ cell destruction. 38 This study for the first time showed that GCN2 activation and CHOP expression did not occur in mouse islets in response to IDO exposure whereas GCN2-mediated CHOP expression increased more than sevenfold in mouse lymphocytes under similar experimental condition. Thus, the selective unresponsiveness of mouse islets to IDO-induced GCN2 activation and CHOP expression suggests that islet cells are IDO resistant due to lack of GCN2 pathway responsiveness to IDO-induced low tryptophan environment.
Although the mechanism(s) underlying selective GCN2-CHOP pathway activation in immune versus islet cells needs to be further elucidated, at the present time, there are, at least, three potential explanations. First, activation of the GCN2 pathway is a nutrient deficiency stress response, and therefore actively dividing cells including highly proliferating T-cells, but not non-dividing islet cells, would be more sensitive to this environment. In fact, it has been shown that activated and proliferating T-cells, but not resting T cells, cultured in IDO-induced low tryptophan environment rapidly undergo apoptosis. 39 Moreover, Mellor et al showed that suppression of T-cell proliferation in the presence of IDO-expressing cells occurred after the majority of T-cells entered the cell proliferation cycle. 40 Second, there may be a compensatory mechanism by which islet cells suppress IDO mediated GCN2 activation. This suggestion is based on the fact that Pereira et al recently showed that the mouse protein IMPACT, which binds GCN1 and inhibits GCN2 activation, abolishes the expression of its downstream target genes ATF4 and CHOP. 41 It should be emphasize that IMPACT is highly expressed in IDO-expressing tissues (eg, placenta and testis) and also in pancreas. 42 As such, the expression of IMPACT in pancreatic islet cells might function as a protective mechanism against IDOinduced GCN2 activation. Finally, a different and high affinity transport system for tryptophan may exist in IDO resistant cells such as islet cells. Recently, a novel amino acid transport activity with high affinity and unusual selectivity for tryptophan has been described in IDO-expressing human monocyte-derived macrophages, which is up-regulated during monocyte-derived macrophage differentiation but not in T-cells. 43 This selective transport system, if it exists in other IDO resistant cell types, can enhance tryptophan uptake in these cells and therefore overcome nutrient deficiency stress response in a low tryptophan environment.
The collagen matrix in our composite grafts plays a dual role since it works both as a scaffold to keep islets and fibroblasts together and therefore maintains the integrity of the graft and also works as an extracellular matrix, which improves the survival and function of islets. Extracellular matrix is one of the most important constituents of the islet microenvironment. It is well documented that when interrelationship between islets and extracellular matrix is disrupted following harsh process of islet isolation and purification, the function and survival of isolated islets are significantly compromised. 44, 45 It was also noted that islets cultivated in regular two-dimensional setting in petri dishes gradually disintegrate during culture in a time dependent manner. 46 Therefore, it has been suggested that entrapment of islets in a threedimensional collagen matrix would maintain satisfactory morphology, viability, and glucose-induced insulin secretory capability in islets. 47 Our findings regarding improvement of cell survival and glucose stimulated insulin secretory capacity of the islets embedded within a collagen matrix, regardless of coculture conditions, are in concordance with previous studies 48 -50 and confirm that embedding islets in a scaffold consisting collagen will maintain integrity of islets and improve their viability and function.
Fibroblasts cocultured with islets in our proposed composite model can also improve islet cell viability. The essential role of islet-derived fibroblasts in islet physiological competence was previously reported, and it was shown that some fibroblast produced factors can promote islet survival in culture. 51 Miki et al recently showed that coculture of the mouse, rat, and pig islets with isletderived fibroblasts maintained islet viability, insulin secretion and glucose responsiveness. 52 Cocultured fibroblast would not cause any concern in terms of overproliferation since it was shown that fibroblasts in floating collagen matrices have low levels of DNA synthesis and become quiescent. [53] [54] [55] Thus, bystander fibroblasts will not have any negative impact on islet viability and function.
The findings shown in the Figure 6 further confirm the long term survival and functionality of syngeneic islets within the composite grafts in a diabetic animal model. The IDO transgene was strongly expressed in the composite grafts for up to 6 weeks post-transplantation, as expected following gene transfer using adenoviral vectors. The level of insulin mRNA was high in the IDO grafts throughout the experimental period. These data collectively demonstrate that none of key elements in our composite islet graft including IDO enzymatic activity, fibroblasts, and collagen matrix has a negative impact on long term viability and function of transplanted islets.
In conclusion, the findings of the present study suggest that mouse islets are selectively resistant to IDOmediated activation of GCN2 kinase stress pathway and that coculture of mouse islets in a three-dimensional IDOexpressing fibroblast populated collagen matrix does not have any deleterious effect on viability and insulin secretory capacity of islets in vitro and in vivo. These findings together with the already proven immunosuppressive effect of IDO set the stage for developing a nonrejectable islet graft in the future.
